Abstract: X-ray diffraction (XRD) rocking-curves were measured for tetragonal hen egg white (HEW) lysozyme crystals grown with and without application of an external electric field, and the crystal quality was assessed according to the full width at half-maximums (FWHMs) of each rocking-curve profile. The average FWHMs for tetragonal HEW lysozyme crystals grown with an external electric field at 1 MHz were smaller than those for crystals grown without, especially for the 12 12 0 reflection. The crystal homogeneity of the tetragonal HEW lysozyme crystals was also improved under application of an external electric field at 1 MHz, compared to that without. Improvement of the crystal quality of tetragonal HEW lysozyme crystals grown under an applied field is discussed with a focus on subgrain formation. In addition, the origin of subgrain misorientation is also discussed with respect to the incorporation of impurities into protein crystals.
Introduction
The structural analysis of protein molecules using X-ray diffraction (XRD) analysis is actively performed in order to achieve structure-guided drug design and controlled drug delivery. Accurate 3D structures of molecules by XRD analysis are obtained by using high-quality single crystals. However, the growth of high-quality single crystals of proteins is difficult, which is an impediment to accurate elucidation of the 3D structures of protein molecules. Therefore, the establishment of crystallization techniques to obtain high-quality single crystals of proteins has been intensively pursued using magnetic fields [1] [2] [3] [4] [5] [6] [7] [8] , microgravity [9] [10] [11] [12] [13] [14] [15] [16] , electric fields [17] [18] [19] [20] [21] , solution flow [22] [23] [24] [25] and gel as a growth host media [26] [27] [28] [29] [30] [31] [32] . In this article, the improvement of the crystal quality of tetragonal hen egg white (HEW) lysozyme crystals as a model protein is demonstrated by applying an external electric field.
It is also difficult to control the nucleation process of proteins, and therefore some research that has employed the application of electric fields to protein solutions [17, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] has been actively performed. Almost all of this research used a DC electric field, and it was reported that the nucleation rate for protein crystals decreased. However, the enhancement of the nucleation process is desired for proteins because it is difficult to nucleate protein crystals. That is, satisfactory control of the nucleation rate for protein crystals was not previously achieved using an electric field.
On the other hand, we tried to control the nucleation process of proteins, focusing on the effect of an electric field from a thermodynamic perspective. As a result, we have succeeded in the control of both an increase and a decrease in the nucleation rate for tetragonal HEW lysozyme crystals, by applying an external electric field with different frequencies [49] . Additionally, we have demonstrated that this crystallization technique can also be adapted to the crystallization of porcine insulin [50] . This is attributed to the difference in the magnitude of the electrostatic energy added to the chemical potentials between the liquid and solid phases. Furthermore, analyzing the strength of an external electric field necessary to control such a change in the nucleation thermodynamically, we have revealed that it is estimated to be 10 4 V/cm, which is significantly larger than that used experimentally (800 V/cm) [51] . In our experimental arrangement, the large difference between the electrical permittivities of the solution and the oil plays an important role in the formation of a large electric potential gradient at the inner surface of a drop of the solution in oil [52] [53] [54] . This is known as the electric double layer (EDL).
Such an electrostatic energy is added not only to the chemical potentials, but also to the entropy of the liquid and solid phases [18] . In particular, it is thermodynamically analyzed that the entropy of the solid decreases under an applied electric field at 1 MHz, and therefore, a decrease of disorder in the crystal could be expected. Several groups have actively attempted the elucidation of the origins of disorder, i.e., imperfection in protein crystals [11, [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] , leading to the results that impurities and dislocations have an undesirable influence on the crystal quality of proteins. However, the origins of imperfections in protein crystals are not completely comprehended. From previous pioneering works, it has been suggested that one possibility may be fluctuations in the orientation of protein molecules or smaller perfect blocks in the crystal [55, 60, 61] , which leads to broadening of the full width at half-maximum (FWHM) of the rocking curves, i.e., a decrease of crystal quality.
XRD rocking curve measurement is a powerful tool to appraise the crystal quality of grown crystals in a nondestructive way. Here, we report on an improvement in the crystal quality of tetragonal HEW lysozyme crystals by application of an external electric field at 1 MHz. Moreover, the origin of imperfections for tetragonal HEW lysozyme crystals is revealed by focus on the subgrain formation in the grown crystals. This article also demonstrates that improvement of the quality of crystals grown under a 1 MHz applied field is achieved by a decrease in the misorientation between subgrains in the crystals. Additionally, we discuss the improvement of the crystal quality under an applied field at 1 MHz in the light of the ordering of water molecules around lysozyme molecules.
Experimental Procedure
HEW lysozyme (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was used as-received without further purification. Solutions of 114 mg/mL HEW lysozyme and 1.0 M NaCl were prepared using 100 mM sodium acetate buffer, which were passed through a filter with a pore size of 0.20 µm to remove any foreign matter or large protein aggregates. Then, they were mixed in equal volumes. The resulting solutions containing 57 mg/mL HEW lysozyme, 0.5 M NaCl and 100 mM sodium acetate buffer at pH 4.3 were employed for the crystallization experiments. Crystallization experiments were performed at 21 ± 0.2 • C using the batch method. The effect of the external electric field on the unit cell parameters of the grown crystals was not observed using X-ray diffraction [18, 20] . Figure 1 shows a schematic illustration of the crystallization system with electrodes on both sides of a plastic cell for application of the electrostatic field to the protein solution. The electrode surface dimension was 12 × 45 mm 2 . It is considered that a large electric potential difference generates at the interface between the plastic cell and the protein solution, leading to the formation of an EDL, as described in our previous works [51, 53, 54] . Thus, tetragonal HEW lysozyme crystals grown on the sides of electrodes were used to obtain XRD rocking-curve profiles. The distance between the electrodes was 12 mm, and the solution volume was 2.7 mL. An external electric field of 400 V/cm was applied at 1 MHz. Crystals were grown with and without application of the external electric field for nine days. Room temperature XRD rocking-curve measurements were performed at the BL15B1 beamline at the Photon Factory (PF) of the High Energy Accelerator Research Organization (KEK). A two-crystal monochromator with Si(111) crystals was located 24 m from the source and was used to select an X-ray wavelength of λ = 1.2 Å. The horizontal source size σ x , and the source-to-instrument distance L, were 0.206 mm and 35 m, respectively. The Si(111) monochromator wavelength bandpath ∆λ/λ, was 1.3 × 10 −4 . The instrumental resolution function (IRF) can be calculated to be 1.64 × 10 −3• using the following equation [67] :
where Θ is the Bragg angle of the monochromator. The crystal sample size for measurements was approximately 1.2 mm. A crystal in the plastic cell was carefully transferred to a quartz capillary, which is transparent to synchrotron radiation, and then the [001] crystallographic direction was pre-aligned using a microscope to be almost parallel to the incident beam. Samples were measured with a high-resolution step by mounting on a precision goniometer (minimum angular step width:
Under such a condition, the reflected images of entire crystals for the 110 family of reflections were detected using a high spatial resolution, two-dimensional digital CCD camera (Photonic Science X-RAY FDI 1.00:1, effective pixel: 6.45 × 6.45 µm 2 , Robertsbridge, UK).
To assess the local crystal quality and the crystal homogeneity, XRD rocking-curve profiles for the 110 family of reflections were first reconstructed from the reflected intensities using each region of the crystals with a beam spot diameter of 387 µm (60 pixels). Therefore, IRF , which takes into account the dimension of the sample C v , and the horizontal beam divergence w d (0.178 mrad), can be calculated to be 1.75 × 10 −3• using the following equation [67] : Figure 2 shows typical XRD rocking-curves of the 440 reflection for a tetragonal HEW lysozyme crystal prepared with an external electric field at 1 MHz, which were obtained by partitioning the entire crystal into nine or sixteen regions. Both single and multiple peaks were observed from each region of the crystal. In the case of multiple peaks, each peak was fitted using a Gaussian function, and the FWHM of the multiple peak was then estimated as a sum of the FWHMs for each single peak. In this experiment, seven crystals grown without an electric field and five crystals grown under an electric field at 1 MHz were analyzed. Typical XRD rocking-curve for a tetragonal HEW lysozyme crystal grown under application of an external electric field at 1 MHz. These XRD rocking-curves were obtained for the 440 reflection. Profiles were acquired using a beam spot diameter of 387 µm (60 pixels). Reproduced from reference [19] , with the permission of AIP Publishing.
To reveal the mechanism for improvement of the crystal quality under an applied field at 1 MHz, XRD rocking-curves for the 110 family of reflections were also reconstructed from the reflected intensities over a region corresponding to a beam spot diameter of 896.55 µm (139 pixels). Based on the above procedure, the instrumental resolution function (IRF ) [67] , which takes into account the dimensions of the sample and the horizontal beam divergence (0.178 mrad), can be calculated to be 2.20 × 10 −3• . All of the XRD rocking-curves were observed to contain only single peaks. The FWHM of each rocking-curve profile measured for samples prepared with and without the external electric field was evaluated using a Gaussian function. In this study, two series of five tetragonal HEW lysozyme crystals, prepared with and without application of an external electric field, were investigated.
Monochromatic-beam X-ray topography was also conducted at room temperature using synchrotron radiation at the BL20B beamline at the PF. The X-ray wavelength and the distance between sample and X-ray film were 1.2 Å and 20 cm, respectively. Monochromatic-beam topographs were recorded on X-ray film (Agfa D2, Agfa, Mortsel, Belgium) with exposure times of approximately 3 min.
Additionally, the ordering of internal water molecules in tetragonal HEW lysozyme crystals was observed by using Raman spectroscopy. The Raman spectra of a tetragonal HEW lysozyme crystal in growth cells was measured at room temperature, by using a micro-Raman system (NRS-3100, JASCO, Tokyo, Japan) composed of an optical microscope, a notch filter, a single spectrometer and a CCD detector. The spectra excitation was provided with a semiconducting laser of a wavelength of 532 nm. Table 1 shows the average FWHM values measured for the 440 and 12 12 0 reflections from tetragonal HEW lysozyme crystals prepared with and without an external electric field, which were analyzed using a beam spot diameter of 387 µm. We first focus on the average FWHMs obtained from crystals grown without an external electric field. Table 1 shows that the average FWHM for the 12 12 0 reflection was larger than that for the 440 reflection. This suggests that strain could be accumulated in tetragonal HEW lysozyme crystals grown without an external electric field. In contrast, for crystal growth with an external electric field at 1 MHz, only a slight increase in the average FWHMs from the 440 to the 12 12 0 reflections was observed ( Table 1 ). The average FWHMs of the crystals grown with an external electric field were also smaller than those grown without, which indicates that the local crystal quality of tetragonal HEW lysozyme crystals was improved by application of the external electric field at 1 MHz. Moreover, not only was there a reduction of the average FWHMs, but a decrease in the standard deviations was also statistically observed for the 440 and 12 12 0 reflections of crystals grown with the external electric field at 1 MHz (Table 1 ). This indicates that the crystal homogeneity would also be improved under an applied electric field at 1 MHz. The effect of the external electric field on the crystal homogeneity of all the tetragonal HEW lysozyme crystals was evaluated. Figure 3 shows representative two-dimensional maps of the FWHMs measured for the 440 and the 12 12 0 reflections from tetragonal HEW lysozyme crystals prepared with and without an external electric field. Reproduced from reference [19] , with the permission of AIP Publishing. Figure 3a shows that the two-dimensional map for the FWHMs of the 440 reflection for crystals prepared without an external electric field were gradually changed. In addition, the homogeneity of the crystals determined from the 12 12 0 reflection was inferior to that determined from the 440 reflection, as shown in Figure 3c . This result is consistent with that observed for the FWHMs (see Table 1 ) and is due to the sensitivity of the high-order reflections to strain in the crystals. Thus, the inferior homogeneity observed for the 12 12 0 reflection could reflect the fact that the crystals prepared without an external electric field have significant strain. Accordingly, the overall crystal quality for the crystals prepared without an external electric field was inhomogeneous.
Results and Discussion

Improvement of Crystal Quality under an Applied Electric Field
In contrast, under an applied field at 1 MHz, the homogeneity of the FWHM values was improved for the 440 reflection compared with those without an external electric field, as shown in Figure 3a ,b. This tendency was also the same for the 12 12 0 reflection, as shown in Figure 3c ,d. In addition, the two-dimensional map for the 12 12 0 reflection maintained almost the same homogeneity as that for the 440 reflection under application of the external electric field at 1 MHz. This suggests that the strain in the crystal is significantly decreased by application of the external electric field at 1 MHz. Therefore, the data suggests that the crystal homogeneity of all the tetragonal HEW lysozyme crystals was improved by the application of an external electric field at 1 MHz. Figure 4 shows the populations of single and multiple peaks obtained from the 12 12 0 reflections of tetragonal HEW lysozyme crystals prepared with and without an external electric field. The majority of peaks in the XRD rocking-curve profiles were multiple peaks when the electric field was not applied, as shown in Figure 4a . Such multiple peaks in XRD rocking-curve profiles have often been observed for protein crystals [6, 11] . This can be attributed to crystal lattices that have slightly different orientations than the main part of the sample (mosaic blocks). Therefore, the imperfection in protein crystals could be responsible for many subgrains in the crystals. In contrast, the majority of peaks in the XRD rocking-curve profiles were single peaks when an external electric field at 1 MHz was applied, as shown in Figure 4b . This suggests that the orientation between mosaic blocks is improved by the effect of the external electric field. 
Control of Subgrain Formation under an Applied Electric Field
Finally, let us consider the imperfection in protein crystals with a focus on subgrain formation in the crystal. The peaks in X-ray rocking curves may be broadened due to various factors. Assuming that the profiles are Gaussian in shape, and that the components due to lattice tilting, lattice strain and particle size have Gaussian distributions, each experimentally-derived FWHM β M , may be expressed as [68, 69] :
where β 0 is the intrinsic FWHM of the rocking curve for a perfect crystal, β ins is the broadening contribution due to IRF , and β α , β , β L , and β r represent the line broadening due to lattice tilting, local strain, particle size, and uniform lattice bending, respectively. For the symmetrical Laue case, the intrinsic FWHM of the rocking curve of a perfect crystal β 0 , is expressed as [70] [71] [72] :
where θ is the Bragg angle, r e is the classical electron radius (2.82 × 10 −5 Å), λ is the wavelength of X-ray radiation, |F hkl | is the structure factor, and V c is the volume of the unit cell. The remaining parameters, β α , β , β L and β r , may be expressed as [68, 69] :
where |θ − ϕ| is the misorientation between subgrains, < > is the local strain, L is the size of subgrains, w is the width of the X-ray beam in the diffraction plane, and r is the radius of curvature of the specimen. Substituting Equations (4)- (8) into Equation (3), the sum of the broadening contributions β adj , is expressed as:
where β 2 adj is the FWHM adjusted to account for the intrinsic FWHM. For example, if the local strain and the particle size both make significant contributions to the increase in the FWHM, then the two contributions can be separated by measuring the FWHM for three or more rocking curves at different Bragg angles θ. Consequently, a straight line, which represents the well-known Williamson-Hall plot, with an intercept K L and a slope K , is obtained, which provides the local strain and the particle size in the crystal. Therefore, the dominant broadening contribution can be identified by focusing on the two broadening contributions. Here, we separate the experimentally determined FWHM for protein crystals into the effects of local strain < >, and the misorientation between subgrains |θ − ϕ|, as follows:
The detailed discussion is provided in reference [18] . Figure 5 shows the relationship between β 2 adj and tan 2 θ for tetragonal HEW lysozyme crystals prepared with and without an external electric field. We first focus on subgrain formation in the crystals grown without an external electric field. Based on the straight line fit to the data, the intercept K α , and the slope K , were calculated to be 1.25 × 10 −8 rad 2 and 1.05 × 10 −7 rad 2 , respectively. According to Equations (5) and (6), the misorientation between subgrains |θ − ϕ|, and the local strain < >, were estimated to be 0.0031 • and 137 µ , respectively. From these data, the individual broadening contributions of β α and β were calculated using Equations (5) and (6) , whereby that of β α (= 0.0064 • ) was larger than that of β (= 0.0024 • for the 12 12 0 reflection). This indicates that imperfections in the protein crystals are primarily the result of misorientation between subgrains.
On the other hand, for the tetragonal HEW lysozyme crystals prepared with an external electric field at 1 MHz, the misorientation between subgrains |θ − ϕ|, and the local strain < >, were estimated to be 0.0019 • and 107 µ , respectively. These results suggest that both the misorientation between subgrains and the local strain were reduced by application of an external electric field at 1 MHz. In addition, the broadening contribution of β α (= 0.0039 • ) was also larger than that of β (= 0.0019 • for the 12 12 0 reflection). Thus, the improvement of the crystal quality under a 1 MHz applied field is achieved by a decrease in the misorientation between subgrains in the crystal.
Next, let us consider the origin of the misorientation between subgrains in protein crystals. Such misorientation can generally be attributed to dislocations in the crystals, and therefore a decrease in the dislocation density is expected under application of an external electric field at 1 MHz. X-ray topography is one of the most powerful tools to observe dislocations in the crystals. Thus, large tetragonal HEW lysozyme crystals were grown by using cross-linked seed crystals in order to detect clear dislocation contrasts, although the cross-linked seed crystals were not used in XRD rocking curve measurements. Figure 6 shows synchrotron monochromatic-beam X-ray topographs of tetragonal HEW lysozyme crystals prepared with and without an external electric field, taken using the 040 reflection with the incident beam almost parallel to the [001] crystallographic direction of crystals grown from cross-linked seed crystals. Clear straight dislocations were observed to extend from the interface with the seed crystals to the outer surface of the larger grown crystals. This is similar to that observed for glucose isomerase crystals grown from the cross-linked seed crystals [73] . However, the generation of dislocations occurred during the middle of growth for tetragonal HEW lysozyme crystals prepared without an external electric field (see Figure 6a) , whereas no dislocations were generated for tetragonal HEW lysozyme crystals prepared with an external electric field at 1 MHz (see Figure 6b ). This indicates that the dislocation density in tetragonal HEW lysozyme crystals was decreased under an applied field at 1 MHz. The dislocation density D, can be estimated from the misorientation between subgrains as follows [69] :
where b is the magnitude of the Burgers vector. For tetragonal HEW lysozyme crystals grown without an external electric field, dislocations with a <110> Burgers vector (111.8 Å) have been observed, which represents a screw character [74] . Therefore, the dislocation density in tetragonal HEW lysozyme crystals grown without an external electric field can be estimated from Equation (11) to be approximately 2 × 10 3 cm −2 . However, the actual dislocation density observed using X-ray topography is ∼10 2 cm −2 for tetragonal HEW lysozyme crystals [74] , which is smaller than that estimated by one order of magnitude. This discrepancy is quite large, although the dislocation density that can be accurately determined using the XRD rocking-curve technique ranges from 10 5 to 10 9 cm −2 . These results suggest that the origin of the misorientation between subgrains in protein crystals cannot be explained solely by the presence of dislocations in the crystals. Lysozyme solutions are known to include lysozyme dimers that act as impurities and are incorporated into the steps on the surface during crystal growth [75, 76] . It is also considered that these incorporated impurities could cause the generation of dislocations in crystals. The misorientation between subgrains was estimated to be 0.0031 • for the crystals grown without an external electric field, which leads to a gap between subgrains of 10.8−32.5 nm because the size of the subgrains was determined to be 200−600 µm in previous work [20] . The dimensions of lysozyme molecules are 4.5 × 3.0 × 3.0 nm 3 ; therefore, the size of the dimers would be approximately 3-9 nm, which is almost the same as the calculated gap between two subgrains. The coincidence between these two values suggests that the misorientation between subgrains could be attributed to the incorporation of lysozyme dimers between adjacent subgrains, as shown in Figure 7 . It was also determined that the misorientation between subgrains is reduced in the case of tetragonal HEW lysozyme crystals prepared with an external electric field at 1 MHz. Using Equation (11) , the dislocation density in crystals grown with the external electric field at 1 MHz can be estimated to be approximately 8 × 10 2 cm −2 , based on the misorientation between subgrains (0.0019 • ). However, there were no dislocations generated during the middle of growth for tetragonal HEW lysozyme crystals prepared with an external electric field. This suggests that the decrease in the misorientation between subgrains under a 1 MHz applied field could be predominantly caused by incorporated impurities. A pioneering work has been performed by focusing on the repartitioning of the precipitant ions, which concludes that the incorporation of the precipitants is coupled to protein impurities [77] . Moreover, it is also indicated that the incorporation of the precipitant ions decreases with increasing the driving force (supersaturation) [77] . We have previously observed the increase in the nucleation rate under a 1 MHz applied field, which means an increment of the driving force [21, 49] . This suggests that the incorporation of the precipitant ions decrease by applying an external electric field at 1 MHz. Thus, the external electric field could prevent the lysozyme dimers (impurities) from being incorporated into the steps on the surface during crystal growth, which leads to a decrease in the misorientation between subgrains, as shown in Figure 7 . However, this model ( Figure 7) is not by direct observation, but analytical results from XRD rocking curve measurements. Thus, in situ observations of the crystal growth of tetragonal HEW lysozyme crystals both with and without the application of an external electric field are now underway in our laboratory.
Additionally, let us discuss the reduction in the misorientation between subgrains and the local strain under an applied field at 1 MHz from the perspective of thermodynamics. We have thermodynamically analyzed that the entropy of the solid decreases by applying an external field at 1 MHz [18] , and we consider that the change in the entropy corresponds to the ordering of internal water molecules in protein crystals. The intermolecular bonding in protein crystals can be assessed by using Raman spectroscopy, which is composed of symmetric stretch vibrations of C-H and O-H groups in the range from 2600 to 4000 cm −1 . In particular, it is identified that the spectra line around 3300 cm −1 in symmetric stretch vibrations of O-H group is related to the ordering of internal water molecules in protein crystals [78] . Table 2 shows FWHMs of the spectra line around 3300 cm −1 obtained from tetragonal HEW lysozyme crystals with and without an external electric field at 1 MHz. As shown in Table 2 , the FWHM value slightly decreased when applying an external electric field at 1 MHz. This indicates the ordering of internal water molecules in protein crystals. In the case of tetragonal HEW lysozyme crystals, it has been revealed that eight or nine water molecules are trapped on the surface of each lysozyme molecule when they are incorporated into the crystals grown [79] . Therefore, the ordering of internal water molecules could be an important factor to grow high-quality tetragonal HEW lysozyme crystals, and this might prevent the precipitant ions from being incorporated into the grown crystals. 
